Introduction
Connexin-based gap junction channels provide direct intercellular communication for ionic and molecular exchanges between cells, enabling the formation of a functional network in brain, heart, and other tissues [1, 2] . Connexin 43 (Cx43) is expressed most abundantly in cardiomyocytes and astrocytes. Under physiological and a number of pathological conditions, gap junctional communication undergoes significant modifications. For example, ischemia-induced intracellular acidification leads to closure of gap junctions and reduces electrical and metabolic intercellular communication [3, 4] . Also, upon malignant transformation, astrocytes significantly reduce the expression of various connexins in the plasma membrane, especially Cx43 [5] , and this correlates with increased proliferation rate. Despite this, the gap junctional communication between glioma cells remains high [6] , thereby facilitating intercellular communication between cancer cells. Numerous structural and functional studies of connexin-based gap junction channels showed that changes in the intracellular concentrations of hydrogen ( [7] [8] [9] [10] [11] . Previously, we have shown that spermine (SPM), an endogenous polyamine, plays an important role in gap junctional communication in astrocytes [12] . SPM increases intercellular communication and prevents acid-induced uncoupling of Cx43-based gap junctions [13] , which makes it vital for the maintenance of cell-to-cell communication under various pathological conditions leading to acidification during ischemia. Polyamines, such as SPM, spermidine (SPD), and putrescine, are organic positively charged compounds that have two or more primary amino groups and are essential for the function of both eukaryotic and prokaryotic cells. Polyamines are involved in gene expression, protein and nucleic acid synthesis, as well as in the regulation of different types of channels and receptors. Polyamines are synthesized in cells by highly regulated pathways [14] and have been associated with cell growth and proliferation. It has been shown that in human cancers, including gliomas, the concentration of polyamine is significantly elevated [15] . Intriguingly, in healthy adult brain, polyamines were not found in neurons, but abundantly expressed in glial cells: astrocytes of the cortex and the hippocampus, Bergmann glia of the cerebellum [16] , and Müller cells in the retina [17] . These cells show well-developed Cx43-mediated gap junctional communication [8, 10, 11] and contain high concentrations of free polyamines [18] .
In the present study, we examined 
Methods

Cell lines and cell cultures
Novikoff cells (a rat hepatoma cell line), endogenously expressing Cx43 [19] , were grown in Swim's S-77 medium with 4 mM glutamine, 20% horse serum, and 5% fetal bovine serum as described previously [20] .
The A172 glioma cell line was purchased from American Type Culture Collection (Manassas, Virginia, USA, #CRL1620) and maintained in Dulbecco's modified Eagle's medium, supplemented with 10 mM glucose, 2 mM L-glutamine, 10% fetal calf serum, and a mixture of 200 IU/ml penicillin with 200 µg/ml streptomycin at 37°C (5% CO 2 in air).
Cell transfection with siRNA against connexin 43 A172 cells were seeded on round cover glasses at a density of ∼ 10 4 cells/cm 2 in a 24-well plate. The cells were transfected with a siRNA targeting Cx43 (cat. # SI02780491; Qiagen, Germantown, Maryland, USA) using HiPerfect Transfection reagent according to the manufacturer's instructions (Qiagen) and our experience [21] . Briefly, 100 µl of serum-free medium containing 0.5 µl of 20 nM Cx43 siRNA and 3 µl of HiPerfect were prepared and incubated for 30 min at room temperature to enable the formation of transfection complexes. Then, the mixture was added to glioma cells containing 0.4 ml of cell culture medium dropwise and the plate was gently swirled to evenly distribute the transfection complex. As a control, we used mock transfections, in which 100 µl of serum-free medium contained 20 µl of HiPerfect, but not siRNA. Cells were used in the experiments 3 days after transfection. The efficiency of Cx43 knockdown was determined using western blotting.
Electrophysiological studies in cell pairs
Cover glasses with adhered culture cells were transferred to a recording chamber (RC-27 l; Warner Instruments Corp., Hamden, Connecticut, USA) adapted on the stage of an upright microscope with infrared and fluorescence attachments (BX51WI; Olympus, Shinjuku-ku, Tokyo, Japan). Cells were visualized using the Nomarski optical infrared attachment equipped with DIC (BX51WI; Olympus) and a DP30BW digital camera with DP Controller software (Olympus). The extracellular perfusion solution (mM) contained NaCl, 140; CaCl 2 , 2.5; MgCl 2 , 2; HEPES, 10; and KCl, 3. Junctional conductance (g j ) was measured using a dual whole-cell patch clamp. Briefly, each cell of a pair was voltage clamped with a separate patch clamp amplifier. Transjunctional voltage (V j ) was created by stepping the voltage in one cell and maintaining the voltage in the other cell constant. This induces junctional current (I j ) measured as a change in current in the unstepped cell. Thus, g j was obtained from the ratio by dividing the change in I j /V j . A HEKA (EPC-10) amplifier was used to acquire, store, and analyze data. Recordings were digitized at 5 kHz and filtered at 1 kHz.
Electrodes, intracellular solutions, and fluorescent dye Patch electrodes were prepared from borosilicate glass tubing (OD, 1.5 mm; ID, 0.84 mm; World Precision Instruments, Sarasota, Florida, USA) pulled in four steps using a P-97 puller (Sutter Instrument Company, Novato, California, USA) with a resistance of 5-8 MΩ when filled with pipette solution. Lucifer yellow (LY) CH potassium salt (L0144; net charge, − 2; MW, 521.57; Sigma-Aldrich, St Louis, Missouri, USA), at a final concentration of 0.5 mM in the pipette solution (PS), was used throughout the dye-diffusion experiments.
Two micromanipulators (MX7500 with MC-1000 drive; Siskiyou Inc., Grants Pass, Oregon, USA) were used for simultaneous whole-cell voltage-clamp and currentclamp recordings from two cells and for positioning micropipettes. We used standard PS containing (in mM) KCl, 140; HEPES, 10; EGTA, 2; CaCl 2 , 0.2; and MgCl 2 , 1, pH = 7.2. Concentrations of SPM, SPD (0.1-10 mM), and Ca 2 + were adjusted according to the experimental protocol. The free concentration of Ca 2 + was adjusted on the basis of the Maxchelator program. pH of PSs was adjusted to 6 (with MES buffer) after the addition of SPM or SPD. To evaluate pH i under whole-cell patchclamp conditions, we used Novikoff cells transfected with EGFP. The fluorescence intensity was measured when the external pH was equilibrated and was then normalized, and compared with the normalized pH dependence of EGFP fluorescence [9] .
Western blot analysis
Cells were sonicated briefly in ice-cold homogenization buffer (pH 7.5) containing (in mM) Tris-HCl, 20; NaCl, 150; MgCl 2 , 10; EDTA, 1.0; EGTA, 1.0, PMSF, 1.0; and 1% Triton X-100. The buffer also contained an additional mixture of peptide inhibitors (leupeptin, antipain, bestatin, chymostatin, and pepstatin, each at a final concentration of 1.6 μg/ml). The protein concentration of cell homogenates was determined using a DC protein assay (Bio-Rad Laboratories, Hercules, California, USA), followed by the addition of an appropriate volume of urea sample buffer (62 mM Tris/HCl pH 6.8, 4% SDS, 8 M urea, 20 mM EDTA, 5% β-mercaptoethanol, 0.015% bromophenol blue) for a final concentration of 0.5-1.5 μg protein/μl and incubation in a water bath at 100°C for 10 min. Clarified cell lysates were separated on 10% SDS-PAGE gels as follows: samples were loaded (10 μg/lane) onto 10% SDS-polyacrylamide gels (Protean mini-gel system; Bio-Rad Laboratories) and run for 45 min (200 V, constant). After electrophoresis, separated proteins were transferred overnight (12.5 h, 4°C) to a PVDF membrane with a mini transblot apparatus (12 V, constant) (Bio-Rad Laboratories) and immediately stained with India ink. Subsequently, the membranes were incubated overnight with a blocking solution containing 5% BSA in 10 mM Tris, 100 mM NaCl, and 0.1% Tween 20 (TBST, pH 7.5). The proteins transferred to PVDF membranes were incubated with the corresponding primary antibody overnight at 4°C. We used rabbit polyclonal anti-Cx43 primary antibody (## LS-C175973; LifeSpan) diluted 1 : 1000, followed by anti-rabbit conjugated immunoglobulins (Sigma-Aldrich). Final detection was performed using an enhanced chemiluminescence methodology (SuperSignal West Dura Extended Duration Substrate; Pierce, Rockford, Illinois, USA). Signal intensity was measured using a gel documentation system (Versa Doc Model 1000; Bio-Rad Laboratories). In all cases, the intensity of the chemiluminescence signal was corrected for minor changes in protein content after densitometry analysis of the India ink-stained membrane.
Data analysis
Data were analyzed using Origin 9.1 software (OriginLab, Northampton, Massachusetts, USA) and are reported as mean SEM. Significant differences between groups were evaluated using the t-test.
Results
We examined the effect of SPM on LY diffusion between A172 cells (Fig. 1) . We found that 20 min after loading of a single A172 cell with LY throughout a patch pipette (0.5 mM), the fluorescence was detected in eight neighboring cells [see Fig. 1a (control) and averaged data are shown in Fig. 1b Western blot analysis using antibodies against Cx43 showed high expression of Cx43 in A172 cells (Fig. 1c) . Furthermore, siRNA knockdown Cx43 expression (Fig. 1c) and reduced LY diffusion significantly below the control level [see Fig. 1a (Cx43 siRNA) and Fig. 1b (Cx43 siRNA column); P < 0.02, n = 5 in each group], indicating that the Cx43 GJs provide a major pathway for LY diffusion between A172 cells and that SPM highly promote the diffusion of the fluorescence dye through Cx43 GJs.
Furthermore, we examined electrical cell-cell coupling under hypercalcemic and acidic conditions in Novikoff cells (Fig. 2) , which endogenously express only Cx43 [22] . Expression of other connexins in Novikoff cells was not detected [22] , which makes them the best available model to study the regulation of Cx43 gap junctions. To investigate the influence of polyamines on high Ca 2 + -mediated uncoupling of Cx43 gap junctions, we performed dual whole-cell patch clamp recordings in Novikoff cell pairs. We found that an increase in [Ca 2 + ] i from physiological (∼20 nM) to 1 µM induced a more than a65% reduction of junctional conductance ( Fig. 2 ; P < 0.05, n = 7 in each group). Intracellular application of SPM (0.1, 1, 10 mM) prevented uncoupling in a concentration-dependent manner, with full elimination of g j decay at 10 mM SPM.
Previously, we reported that SPM prevented uncoupling of Novikoff cells by intracellular acidification to pH i = 6 [13] . Now, in Fig. 2e , we showed that SPD (black columns) added to pipette solution also reduced acidificationinduced closure of Cx43 GJs [when the intracellular pH i changed from normal/control (pH i = 7.2) to acidic (pH i = 6), g j decreased by 70% ( Fig. 2e ; P < 0.05, n = 6 in each group)], but less efficiently than SPM (gray columns). SPD at a concentration of 10 mM completely eliminated uncoupling caused by acidification. Dose-response relationships shown in Fig. 2f show that SPM is approximately four-fold more effective than SPD in preventing uncoupling caused by acidification.
Discussion
Previously, we reported that SPD increases the diffusion of fluorescent dye between astrocytes through gap junction channels [12] . These data correlate with our current results obtained in A172 cells (Fig. 1) and showing enhanced LY diffusion under increased intracellular concentrations of SPM. In both cell types, Cx43 forms the majority of gap junction channels and is responsible for SPM-mediated enhancement of the gap junctional communication. A172 glioblastoma cells are originated from glia cells and can express several connexines [23, 24] . However, our studies showed that knockdown of Cx43 in human glioma cells eliminated not only SPM-mediated increase in LY permeability but even reduced it below the control level (Fig. 1a and b) . This suggests that Cx43 is a major player in polyamineinduced enhancement of gap junctional communication. It has been shown that in human cancers, including gliomas, the level of polyamines is significantly increased compared with their tissues of origin [15] . Also, it was found that malignant cells were significantly reduced, compared with healthy astrocytes, with an expression of connexins in the plasma membrane, mainly through the mechanisms of cytoplasmic mislocalization of connexins [5] . A decrease in Cx43 expression in the plasma membrane, and consequently the number of gap junction channels, accelerates proliferation because of weakening of the mechanical cell-cell interaction that aids cell separation, which is necessary for cell division. However, despite a reduction in connexin expression in glioma cells, the gap junctional communication between them remained high [6] . We speculate that the high levels of polyamines in cancer cells maintain Cx43 gap junctions in an open state, resulting in a relatively high functional gap junctional communication [13] . It is possible that positively charged polyamines, especially SPM 4 + , shield connexins from H + and Ca 2 + ions.
In Novikoff cells expressing only Cx43, polyamines enhance gap junctional communication and rescue gap junction channels against hypercalcemia and acidosismediated uncoupling (Fig. 2) . These results extend our previous studies [12, 13] and indicate the ability of polyamines to increase the diffusion of fluorescent dyes and preserve gap junction channels composed of Cx43 from their closure during an overload of cells with hydrogen and calcium ions. Under physiological and a number of pathological conditions, such as ischemia and cancer, the intracellular concentration of H + and Ca 2 + in brain tissue may vary significantly. The predominant accumulation of polyamines, mostly in glial cells [16] , may be related to the importance of maintaining active gap junctional communication between astrocytes in the panglial syncytium or network under physiological and pathological conditions. For example, during local ischemia, when intracellular acidification and Ca 2 + levels are increased and gap junctional communication is reduced, polyamines hold Cx43 gap junctions open for diffusion of ions and molecules to enhance cell survival.
The mechanism of the polyamine-protecting effect of hydrogen and calcium ion-mediated closure of Cx43 gap junctions remains to be determined. We observed that the efficacy of this mechanism is proportional to the number of positively charged amino groups in polyamine molecules. Polyamines with a higher net charge have stronger effect on open probability of the gap junction channel. As SPM has four positively charged amino groups and SPD has only three, SPM exerts a stronger Cx43-mediated, coupling-promoting effect than SPD and higher efficacy of protecting gap junctions from hydrogen and Ca 2 + -mediated closure (Fig. 2) [putrescine 
Conclusion
In this study, we highlighted the role of polyamines in the regulation of Cx43 gap junctions. In particular, we found that polyamines augment cell-to-cell communication and prevent uncoupling of Cx43 gap junctions induced by acidification and high [Ca 2 + ] i .
